Biomechanical analysis requires the determination of specific foot contact events. This is typically achieved using force platform information; however, when force platforms are unavailable, alternative methods are necessary. A method was developed for the determination of gait events using an accelerometer mounted to the distal tibia, measuring axial accelerations. The aim of the investigation was to determine the efficacy of this method. Sixteen participants ran at 4.0 m/s ±5%. Synchronized tibial accelerations and vertical ground reaction forces were sampled at 1000 Hz as participants struck a force platform with their dominant foot. Events determined using the accelerometer, were compared with the corresponding events determined using the force platform. Mean errors of 1.68 and 5.46 ms for average and absolute errors were observed for heel strike and of -3.59 and 5.00 ms for toe-off. Mean and absolute errors of 5.18 and 11.47 ms were also found for the duration of the stance phase. Strong correlations (r = .96) were also observed between duration of stance obtained using the two different methods. The error values compare favorably to other alternative methods of predicting gait events. This suggests that shank-mounted accelerometers can be used to accurately and reliably detect gait events.
Biomechanical analysis of human locomotion often requires the determination of specific foot contact events. Initial foot contact, termed heel-strike, marks the beginning of the gait cycle while the termination of the stance phase, labeled toe-off, denotes the initiation of the swing phase. 1 The gold standard for the identification of these events is derived from force platform data, whereby a simple threshold can be defined to provide heel-strike and toe-off. 2, 3 However, force platforms are usually located only in specific sport or gait laboratories and restrict the number of consecutive gait cycles that can be analyzed based on the number of available platforms. In addition to this, the force platform may distort kinematic data if the participant has to even slightly adjust their natural gait pattern to achieve the necessary contact with the device. 4 Several kinematic methods are available for gait event determination. 1, [5] [6] [7] [8] [9] [10] These algorithms center around the location of maxima and minima values and threshold crossings to identify heel-strike and toe-off. However, these types of kinematic algorithms have limited portability and can be sensitive to the method of data processing chosen by individual researchers 9, 11 ; thus, their efficacy and repeatability are potentially compromised.
Accelerometers are frequently used in the absence of force platforms to quantify the characteristics of the impact applied to the lower limbs as result of footstrike. 12, 13 Accelerometers are lightweight, reduce potential movement alterations due to force platform targeting and can record data for multiple strides, [14] [15] [16] making them effective devices for analyzing natural human locomotion when carrying out both laboratory and field-based research.
A small number of investigations have examined the effectiveness of accelerometers in determining gait events. 14, 16 However, none of these studies placed the device in a position where it could also quantify the impact shock experienced through the lower extremities as a result of footstrike. 15 A method was developed for the determination of heel-strike and toe-off events using the signal from an accelerometer mounted to the shank, measuring accelerations along the longitudinal axis of the tibia (Figure 1 ). The rapid change in the axial tibial acceleration signal as a result of footstrike was regarded as a highly precise and repeatable measurement of heel strike accuracy. Therefore heel-strike was determined as the onset of the peak tibial shock using a threshold of zero which was employed and had to be crossed by a minimum of 20 frames to be implemented to prevent false detection. Toe-off was determined using target pattern recognition with a 2% tolerance as the first plateau in the descent phase of the second peak of the axial tibial acceleration time curve. Toe-off was employed at this point based on the information gathered from pilot investigations using a combination of tibial acceleration and 3-dimensional kinematic information whereby toe-off was found to occur immediately before maximum plantar flexion as the foot rolls onto the forefoot, namely, the metatarsals, which facilitated the development of plateau phase of the tibially mounted accelerometer signal. The aim of this study was to determine whether specific gait events could be accurately and consistently identified using the method explained, applied to data collected from an externally mounted accelerometer attached to the distal tibia by contrasting the predicted events to those detected using force data.
Method Participants
Sixteen participants consisting of 11 males and 5 females (age 29.38 ± 5.68 years; height 1.73 ± 4.87 m; body mass 67.83 ± 10.65 kg), completed a minimum of 10 trials while running overground at 4.0 m·s -1 . All participants were classified as rearfoot strikers by exhibiting a clear first peak in their vertical ground reaction force curve, those who exhibited a mid or forefoot strike pattern were excluded from the data analysis. Velocity was monitored using infrared photocells (Newtest 300, Finland); a maximum deviation of ± 5% from the agreed velocity was allowed. Ethical approval for this project was obtained from the university ethics committee, and each participant provided written consent.
Procedure
Accelerations in the axial direction of the tibia were sampled at 1000 Hz via a triaxial accelerometer (Biometrics ACL 300, UK). The device was attached securely to the antero-medial aspect of the distal tibia 8 cm above the medial malleolus in alignment with its longitudinal axis. The distal location was chosen to reduce the effects of angular accelerations resulting from rotational movement about the subtalar joint. 17 The accelerometer was attached to a lightweight carbon-fiber mounting plate using the same technique employed in previous research. 18 The combined mass of the accelerometer and mounting instrument was 9 g. The accelerometer was orientated to measure accelerations along the longitudinal axis of the tibia (Figure 2 ). Strong nonstretch tape was placed medio-laterally over the mounting device and the lower leg; thus, the skin overlying the tibia itself was stretched, ensuring a more rigid coupling.
The acceleration signal was smoothed in accordance with 19 recommendations, using a 60 Hz 4th-order low pass zero-lag filter to attenuate the component of the signal attributable to tissue artifact and resonance. This frequency was selected as being the frequency at which 95% of the signal power was below following a fast Fourier transform (FFT) using Labview software (National instruments, Austin TX). Synchronously, vertical ground reaction force (GRF) data were recorded at 1000 Hz as participants struck a piezoelectric force platform (Kistler Ltd; Model 9281CA, Kistler Instruments Ltd., Alton, Hampshire) with their dominant foot.
The accuracy of the accelerometer method was determined by comparing events in the acceleration signal to a gold standard method, in which event detection is identified through vertical GRF data. 2 A threshold of 20 N for the vertical GRF component was chosen to determine the time onset of both heel-strike (above 20 N) and toe-off (below 20 N). The difference in the time of the occurrence of both heel-strike and toe-off events identified using the accelerometer method and the force platform method were calculated. In addition differences in stance length duration using the force platform and accelerometer technique were quantified, as were the errors in stance length duration.
Average and absolute errors were quantified as the net (the net discrepancy indicative of the magnitude of the difference which is influenced by the direction of the time difference between methods) and absolute (the absolute discrepancy indicative of the magnitude of the difference irrespective of direction) discrepancy between the two methods for identifying the event times. A negative value represented the occurrence of the accelerometer signal event before the vertical GRF event, a positive value was recorded when the vertical GRF event occurred first.
Statistical Analysis
Heel strike and toe-off events determined via the force platform and accelerometer techniques were implemented using Visual 3-dimensional software (C-Motion, Gaithersburg, USA). Descriptive statistics (means, minimums and maximums) and 95% confidence intervals were calculated for the timings of the events using SPSS 17.0 (SPSS Inc, Chicago, USA). The effect that the two detection techniques have on stance phase duration was examined using a paired samples t test with significance accepted at the P ≤ .05 level. In addition, the duration of the stance phase, obtained using both the force platform and accelerometer methods was examined using a Pearson's product-moment correlation coefficient (r), coefficient of determination (r 2 ) and by calculating the slope of the regression line (B).
Results
The absolute and the average error between the heelstrike, toe-off and stance times calculated using the accelerometer signal method compared with the force platform method using the force platform data were all ≤ 12 ms (Tables 1, 2, and 3) . The relationship between the duration of stance obtained by the two different methods was characterized by a strong correlation, r = .96, r 2 = .92, and the slope of the regression line was 0.87, respectively ( Figure  3) . No significant differences emerged between the duration of stance obtained by the different methods at (P = .79).
Discussion
The aim of this investigation was to establish whether a shank mounted accelerometer can accurately and reliably determine gait events. Errors in determination of heel-strike and toe-off events can produce subsequent errors in human movement studies. Any detection method developed must therefore be both accurate and consistent.
Very good correspondence was observed between the event detection using the force platform and the accelerometer method. The good agreement between the two techniques was strengthened by the strong correlation and the slope of the linear regression line. The error values observed in this research compare favorably to methods predicting gait events using kinematic data. 11, 20 Such previous research 11, 20 has contrasted foot strike and toe-off events determined using a number of kinematic based algorithms to the gold standard force platform method. Sinclair et al 11 observed that heel strike was most accurately quantified via the foot velocity method, 9 which produced average and absolute errors of 12.82 and 14.22 ms, respectively, whereas toe-off was most accurately predicted using the knee extension technique, 6 which was associated with average and absolute errors of 11.99 and 13.27 ms. Fellin et al 20 found that heel strike was most accurately predicted via the Schache et al 10 method, which produced absolute deviations of 22.4 ms. Toe-off was most accurately quantified via the Dingwell et al 6 technique, which was associated with absolute error of 4.9 ms.
The number of participants and trials observed in the current investigation (160), the strong relationship between stance phase duration determined using the accelerometer and force platform methods in conjunction with the magnitude of the deviations between the two methods appears to evidence the validity of this technique. Furthermore, different data processing techniques can influence the efficacy of kinematic techniques. Therefore, this method for determining heel strike and toe-off based on a shank-mounted accelerometer was processed using a single cut-off frequency whereby filtering bias was minimized by identifying where 95% of the signal content was retained.
Attachment of the accelerometer to the distal tibia provided a distinguishable and repeatable pattern, presenting a clearly discernible and reliable pattern of heel strike and toe-off. As such, the results of this study suggest that gait events can be reliably and accurately detected using a shank-mounted accelerometer provided that due care is taken when mounting the device as the signal obtained from the accelerometer can be influenced by the security of the mounting and centripetal acceleration due to angular motion of the shank in the sagittal plane. 17 This technique represents is a portable noninvasive method that is more accurate that traditional kinematicsbased techniques and necessitates no specific technical environment, allowing multiple gait cycle analyses so information regarding an athlete's running style can be obtained under both laboratory and field conditions. Therefore a strong case is presented for the utilization of this algorithm for gait analysis when force platforms are unavailable or their use is deemed impractical. Additional work is necessary to determine the applicability of this algorithm to non-heel-strike runners at different velocities as well as treadmill and pathological locomotion. A time offset using an average error value may increase the accuracy of this methodology and also warrants further investigation. 
